Previous studies have shown that the pattern of single nucleotide polymorphism (SNP) in Arabidopsis (Arabidopsis thaliana) deviates from the distribution expected under a neutral model. Here, we test whether or not ancestral misinference could explain this deviation. We start by showing that there are significant and complex influences of context on mutation dynamics as inferred from SNP frequency, in Arabidopsis, and compare the results to observations about context dependency that have been made on a previous analysis of a maize (Zea mays) SNP dataset. The data concerning heterogeneity across sites are then used to make corrections for ancestral misinference in a context-dependent manner. Using Arabidopsis lyrata to infer the ancestral state for SNPs, we show that the resulting unfolded site frequency spectrum (SFS) in Arabidopsis is skewed toward sites with high frequency derived nucleotides. Sites are also partitioned into two general functional classes, second codon position and 4-fold degenerate sites. These two classes show different SFS; although both show an overrepresentation of high frequency derived sites, low frequency derived sites are vastly overrepresented at the second codon position, but significantly underrepresented at 4-fold degenerate sites. We find that these results are robust to corrections for ancestral misinference, even when context-dependent variation in mutation properties is taken into consideration. The data suggest that, in addition to purifying selection, complex demographic events and/or linked positive selection need to be invoked to explain the SFS, and they highlight the importance of sequence context in analyses of genome-wide variation.
Analyses of site frequency spectra (SFS) from single nucleotide polymorphism (SNP) datasets provide a powerful method for making inferences about selection (Akashi, 1999; Bustamante et al., 2001; Hernandez et al., 2007) . The allele frequency distribution expected under a neutral model (Tajima, 1989) can be applied to datasets for which an outgroup is available by unfolding the distribution using the assumption of parsimony. Deviation of this distribution from the neutral model provides insights about the role of selection or demographics; an overabundance of high frequency derived sites is frequently attributed to either recurrent positive selection (Bustamante et al., 2001; Caicedo et al., 2007) , a population bottleneck (Caicedo et al., 2007) , or hidden population substructure (Wakeley and Aliacar, 2001; Hernandez et al., 2007) , whereas an excess of low frequency derived sites is commonly explained as a result of constraining selection or a recent population expansion (Slatkin and Hudson, 1991; Hernandez et al., 2007) .
Arabidopsis (Arabidopsis thaliana) represents one of the most intensively studied model organisms for molecular population genetics, and several genomescale patterns of nucleotide variation have been generated (Nordborg et al., 2005; Schmid et al., 2005; Borevitz et al., 2007; Clark et al., 2007) . These studies have shown evidence for genome-wide departures from a standard neutral population genetic model assuming constant population size. One recurring pattern is that minor allele frequencies tend to be skewed such that there is an excess of rare variants across the genome (Nordborg et al., 2005; Schmid et al., 2005) . This pattern has typically been interpreted as evidence for population expansion, although other aspects of the genome-wide data, including a high variance in diversity across loci (Nordborg et al., 2005) , appear inconsistent with a simple model of population growth. Furthermore, amino acid substitutions typically show a larger excess of rare variants (Foxe et al., 2008) , suggestive of weak purifying selection across the genome.
One limitation with these analyses is that outgroup data have rarely been available, restricting the ability to infer the derived frequency spectrum and thus distinguish new low frequency mutations from high frequency derived variants. Instead, these analyses implicitly rely on the theoretical prediction that the probability that an allele is ancestral is equal to its frequency (Watterson and Guess, 1977) . In principle, the polarized frequency spectrum should provide considerably more information on the genome-wide patterns of variation and more power to infer the direction and strength of selection (Sawyer and Hartl, 1992; Akashi, 1999) . However, a potential difficulty with the use of an outgroup to infer the ancestral and derived states at a given site is that the outgroup state is typically taken as ancestral under a parsimony assumption. This means that parallel changes could result in a misinference of the ancestral state, and this would generally lead to a skew toward sites with a high frequency of the derived state and, therefore, a potential for generating a spurious signature of positive selection or demographic effect (Baudry and Depaulis, 2003; Hernandez et al., 2007) . Furthermore, given differences in effective mutation rates across different classes of sites, there may be biased rates of ancestral misinference, which can also lead to problems when inferring the strength of selection on different types of substitution. Given this potentially confounding effect of ancestral misinference, methods have been proposed to correct the SFS (e.g. Baudry and Depaulis, 2003; Hernandez et al., 2007) .
Any correction for ancestral misinference must be based on an adequate substitution model. In the case of plant genomes, including the maize (Zea mays) nuclear genome, it is well established that relative mutation rates vary significantly across sites as a function of context or the composition of surrounding nucleotides (Morton, 1995 (Morton, , 2003 Morton et al., 2006; Moore and Stevens, 2008) and similar context dependency has been observed in other genomes (Blake et al., 1992; Hess et al., 1994; Krawczak et al., 1998; Zhao and Boerwinkle, 2002) . One prominent feature of context dependency is the CpG effect, or an increased rate of transitions at CG dinucleotides as a result of the relatively rapid deamination of methylated cytosines at many such sites (Bulmer, 1986; Zhao and Boerwinkle, 2002; Morton et al., 2006) . More complex patterns of context dependency have also been observed in nuclear DNA of maize, where it has been shown that transition and transversion rates are significantly influenced by local and regional composition, but in different manners, and that the rate of mutation of GC and AT base pairs are affected differently by context (Morton et al., 2006) .
When complex context dependency exists, correcting for ancestral misinference would require that site context be taken into consideration . Therefore, we begin by analyzing heterogeneity across sites in Arabidopsis as a function of context. We find that mutation dynamics are influenced in a complex manner by both composition of flanking nucleotides and regional A + T content. These findings are compared to the context effects that have been observed in maize (Morton et al., 2006) . We then analyze the unfolded SFS, with Arabidopsis lyrata as the outgroup, using the method of Baudry and Depaulis (2003) to account for ancestral misinference. To account for the influence of context on mutation dynamics, sites are partitioned by the number of flanking A/T base pairs because this was found to be a major contributing factor to context effects. Sites were also partitioned by codon position and degeneracy to account, approximately, for functional effects. An SFS was then generated for sites within each of the separate partitions and each spectrum was corrected using mutation parameters for that partition.
We find that the excess of high frequency sites cannot be explained by ancestral misinference. In addition, second codon position sites show an excess of low frequency sites and 4-fold degenerate sites show a significant deficit of low frequency sites; both of these features remain after the correction. We suggest that complex demographic history and/or the action of positive selection have had a major effect on genome-wide patterns of variation, and we confirm the predominance of slightly deleterious amino acid polymorphisms in the Arabidopsis genome.
RESULTS

Context and Inferred Mutation Dynamics
Analyses were first performed using all sites and then repeated separately for noncoding (including transcribed) sites, 4-fold degenerate sites, and introns. We observed that mutation frequency-which is taken as our estimate of rate as defined in "Materials and Methods"-varies between these site types, based on coding content, in the manner described previously (Nordborg et al., 2005) . However, our focus here is on the variation among sites that exists in different flanking base contexts and, despite the difference in overall rate, we observed the same context-dependent pattern in rate variation within each of the different site types (data not shown). Therefore, unless otherwise stated, we will present the results from the analysis of all sites.
CpG Effect
The existence of a CpG effect, in which the rate of transition is significantly increased at CpG sites, is now well documented for nuclear genomes (Bulmer, 1986; Zhao and Boerwinkle, 2002; Fryxell and Moon, 2005) , including the maize genome (Morton et al., 2006) . As expected from these previous studies, a CpG effect is observed in Arabidopsis (Table I ). The increase in the frequency of transition SNPs in the CpG context relative to other contexts, about 70%, is not as large as what was observed in the maize dataset, where a 112% increase was observed, but this might simply reflect differences in methylation levels at the loci available for analysis. In maize, there was a noticeable increase in the strength of the CpG effect as regional A + T content increased, but, in Arabidopsis, no such trend is observed. No increase of transition was observed at CNG sites (data not shown); because CNG sites are known to be methylated in Arabidopsis (Tran et al., 2005) , it is likely that the lack of an observable CNG effect is due to low levels of this type of methylation surrounding protein-coding regions, which would be consistent with the observations from tomato (Solanum lycopersicum) by Hobolth et al. (2006) .
Regional Context and Rate Variation
Again, using mutation frequency as an estimate of rate, we observe a significantly higher rate (G . 10 3 , P , 10 28 ) at inferred ancestral GC base pairs than at AT base pairs, primarily due to a much higher rate of transition, which results in a much higher transition to transversion (Ts:Tv) ratio at GC base pairs (Table II) . Overall, the Ts:Tv ratio is lower than what was observed in maize (1.28 as opposed to 1.48 in maize). We get very similar results if we remove CpG sites, so the higher transition rate at GC base pairs is not due to the CpG effect (data not shown). Both AT and GC mutation rates increase significantly (G . 10 2 , P , 10 26 for AT bases; G . 10 3 , P , 10 28 for GC bases) with regional A + T composition, with a more pronounced increase in GC rate (Fig. 1) . This results in an increasing ratio of GC to AT mutation rates across regions, an increase that is correlated with regional A + T content.
If we examine transitions and transversions separately, we observe a greater variation in transversion rates across regional A + T content, particularly for AT base pairs ( Fig. 2 ; G . 10 2 , P , 10 26 for both transitions and transversions). The variation in transversion rate at AT base pairs provides further evidence that the CpG effect is not responsible for the rate variation across regions as a function of composition. This direct correlation between mutation frequency and A + T content suggests an influence of regional composition on mutation rate, something that was not observed in maize (Morton et al., 2006) .
Local Context and Rate Variation
To control for the confounding influence of the CpG effect and for the observation above that GC base pairs mutate at a higher rate than AT base pairs, we performed two analyses; one was to remove all sites with a 5#-C and/or a 3#-G, the other was to examine variation in the polarized dataset using only those sites with an inferred ancestral AT base pair. No significant correlation was observed between A/T context (number of flanking A/T base pairs) and ts: tv (data not shown). There is, however, a significant relationship between A/T context and rate, estimated by mutation frequency, in both analyses ( Figs. 3 and 4 ; G . 10 2 , P , 10 26 for overall rate in both cases). Because the rate variation across A/T contexts is observed within regional composition classes and is particularly strong in regions with higher A + T content, it is not simply an effect of the regional composition described above, but, rather, demonstrates an additional-local-context influence.
Context and Predicted Equilibrium Composition
Another way to analyze mutation dynamics is to generate a 4 3 4 matrix from SNP data as described previously (Morton et al., 2006) and then to convert this to a Markov process. The equilibrium vector for the process can then be calculated and this vector represents the predicted equilibrium composition for a sequence evolving under the substitution matrix generated from the SNPs. Variation in predicted equilibrium composition for SNPs from different contexts can then be used as an indication of variation in the underlying mutation dynamics beyond simple differences in rate. Two features of the vector will be used:
Figure 5 shows the variation in AT E across both regional composition classes and local A/T context. Two features are apparent, both of which are similar to trends observed in maize. First, consistent with the increasing GC:AT rate with increasing regional A + T content (Fig. 1) , SNPs occurring at sites in regions with a higher A + T content lead to a higher predicted AT E . This is also seen in the singleton analysis and in the polarized analysis with A. lyrata (data not shown). Second, local context has the opposite influence on SNP dynamics; as the A + T content of the two flanking bases increases, predicted AT E decreases.
We also partitioned sites by the number of flanking pyrimidines (0, 1, or 2) on the analyzed strand and examined the relationship between this pyrimidine (Y) context and equilibrium skew (Table III) . Sites with two flanking pyrimidines on the analyzed strand (and, therefore, two purines on the opposite strand) show a strong positive skew, that is, a bias toward pyrimidines at equilibrium, whereas sites with a single flanking pyrimidine show no predicted equilibrium skew. As expected by complementarity, sites with two flanking purines on the data strand show a strong negative skew, which represents a skew toward purines. This relationship between Y context is similar in general features to the relationship observed in grass cpDNA (Morton, 2003) and is observed across all regional composition classes (data not shown).
Another influence of context that is observed in Arabidopsis is an effect of the composition of the N 2 nucleotides on mutation frequency (Table IV) . Defining the N 1 nucleotide pair as the two sites immediately flanking an SNP, one on each side, then the N 2 nucleotide pair is defined as the two sites, one 5# and one 3# that are 1 base further removed on each side of the SNP from the N 1 pair. Controlling for the A + T content of the N 1 pair, we observe an increasing mutation frequency with increasing A + T content of the N 2 pair. A similar influence of the N 2 pair is observed in maize cpDNA (Morton, 2003) , but not in maize nuclear DNA (Morton et al., 2006) .
SFS
The Baudry and Depaulis (2003) correction is based on the parameter P m , or probability of misinference, calculated as described below. The P m values are given in Table V for all sites, broken down by local A/T context, as well as the two functional site groups. The estimates we get for P m are at the low end of the spectrum studied by Baudry and Depaulis (2003) , suggesting that the effect on the SFS will be relatively small in this dataset and that accounting for context does not change this general result. In addition, when second position and 4-fold degenerate sites are partitioned by local context, there is little variation in P m and, when we repeat the analysis on loci partitioned by regional context, we find little variation in P m (data not shown).
The corrected SFS for all sites is given in Figure 6A for a total of 5,154 SNPs. The distribution shows an excess of high frequency derived sites and a deficit of low frequency derived sites. For the entire distribution, the deviation from the corrected neutral expectation is highly significant (x 2 = 3,132, P , 0.001). When we partition sites into second position and 4-fold degenerate (excluding all others), we see two separate patterns emerge (Fig. 6, B and C) . Second position sites (1,052 SNPs across 73,308 sites) show an excess of both low frequency and high frequency derived sites (x 2 = 578.4, P , 0.001), while 4-fold degenerate sites (1,509 SNPs across 32,808 sites) show an excess of high frequency derived but a deficit of low frequency derived sites (x 2 = 1,487, P , 0.001). In both cases, controlling for local context does not change the general result (data not shown). This same general result holds regardless of how we partition sites by local context; for example, Figure 7 shows the SFS for all sites in a local context of two A/T base pair. A total of 1,514 SNPs fell into the category and the deviation is again significant (x 2 = 1,083, P , 0.001).
DISCUSSION
Context Dependency of Mutations in Arabidopsis
We observe a significant relationship between mutation frequency (defined in "Materials and Methods") and both regional A + T content and the composition of flanking bases. Although both Arabidopsis and maize show a relationship between overall rate, as estimated from mutation frequency, and regional A + T content, the nature of the relationship differs in the two taxa. In Arabidopsis, there is a direct correlation between rate and regional A + T content (Fig. 3) , whereas in maize the opposite trend was observed (Morton et al., 2006) . In addition, Arabidopsis shows an increasing mutation frequency in the A/T = 2 context with increasing regional A + T content, a trend that also opposes what was observed in maize. Furthermore, although we observed a significant correlation between A/T context (direct flanking base A + T content) and Ts:Tv in maize, no such relationship was observed in Arabidopsis, indicating that the rates of the two mutation types covaried across contexts.
As with maize, the relationships between mutation frequency and context in Arabidopsis cannot be explained as an artifact of the CpG effect, and the local and regional influences appear to be acting in opposite manners. The relationship with regional composition could represent either a general influence of composition on mutation rate or could be a secondary effect arising from variation in mutation dynamics across the genome as a result of something such as a relationship between distance from a replication origin and mutational dynamics. The relationship between local context and mutational dynamics could be the result of an influence of flanking base composition on misincorporation properties or on mismatch repair (Morton et al., 2006) . If this is the case, then the difference between Arabidopsis and maize in how context and mutation dynamics are related would indicate that the evolution Regions with ,50% A + T were excluded due to low sample size in some matrix entries.
of these replication and/or repair processes can have a significant influence on mutation properties.
Another possibility is that the relationship between regional context and rate is a result of biased gene conversion (BGC). BGC is expected to result in an increased regional G + C content as well as a decreased frequency of polymorphism and a decrease in the measured AT:GC rate ratio (Marais, 2003) . These expectations are consistent with what we observe in our dataset, but the lack of similar observations in maize (Morton et al., 2006 ) is interesting given the higher rate of selfing in Arabidopsis and the expectation that this would actually decrease the effects of BGC (Marais, 2003) . Further, whereas BGC may be a factor in the correlation between rate and regional composition, it is not clear that BGC could explain the relationship between local context and rate. Nor could it explain the variation in rate of mutation of AT base pairs as a function of context. In addition, given that BGC should primarily influence the relative rates of fixation of AT and GC bases and our analyses focus on polymorphism, the observed patterns are more likely to result from mutational properties rather than BGC.
The relationships between both regional and local composition on predicted equilibrium A + T have two interesting features, both similar to what was observed in maize. One is the opposing nature of the two relationships; the increasing AT E with increasing regional A + T content, which is expected, and the decreasing AT E with increasing local A/T context (Fig.  5) , which is not expected. The second feature is that predicted AT E is consistently higher than the observed A + T content. This pattern of deviation was also observed in an analysis of fixed substitutions in grass cpDNA across a broad range of contexts and regions (Morton, 2003) . What, if anything, the similarity across these analyses is telling us, including the possibility of a problem of how equilibrium composition is calculated, is not clear, but may be related to the observation of vanishing GC-rich isochores in humans (Duret et al., 2002; Arndt et al., 2003) .
Two other features of context dependency that we observe in Arabidopsis were not observed in the maize nuclear SNP dataset. The first is a relationship between expected equilibrium skew toward pyrimidines and the flanking base strand skew (Table III) , which suggests that context can generate a misincorporation bias by the polymerase. A similar context dependency was observed in maize cpDNA (Morton, 2003) , but not in maize nuclear DNA (Morton et al., 2006) . The second feature is a relationship between mutational properties and the N 2 context (the A + T composition of the nucleotide pair that is 1 base removed from the SNP site on each side; Table IV) . Again, a similar relationship was observed in maize cpDNA, but not in maize nuclear DNA. The influence of removed nucleotides could be the result of an effect on polymerase misincorporation, but also suggests the possibility, as noted above when discussing regional composition, that mismatch repair is affected by local context. Regardless of the mechanistic details, maize nuclear DNA, maize cpDNA, and Arabidopsis nuclear DNA have all been found to display complex context dependency. Because they display different effects of context on mutation dynamics, it is apparent that the factors involved evolve and we can expect to observe widespread variation in context dependency in future studies.
SFS
The overall skew toward high derived frequency sites is observed at both second position and 4-fold degenerate sites. However, because the SFS for the two site categories differ at the low derived frequency end of the distribution, the deviations cannot be explained by a single phenomenon. We propose that the distribution at 4-fold degenerate sites is probably due largely to demographic features. The paucity of low derived frequency sites indicates that a simple model of population expansion is not a likely explanation for the excess minor allele frequencies commonly observed in Arabidopsis. Whether more explicit models of population structure and expansion recently fit to the unpolarized SFS (François et al., 2008) can explain the excess of high frequency derived variants remains unclear, and should be investigated further. Together with evidence for an excess variance in diversity Table IV . Effect of N 2 context on mutation frequency Within each N 2 context, significant variation (P , 0.01) in mutation frequency across N 1 contexts is indicated by values in italics. across loci (Nordborg et al., 2005) , it seems probable that the derived site frequency distribution overall results from a fairly complex population structure and history. Simulations on domesticated rice (Oryza sativa) have shown that models that include a bottleneck, a bottleneck followed by migration, and a bottleneck followed by selective sweeps can result in SFS that are shaped generally like what is observed in Arabidopsis (Caicedo et al., 2007) , although it has also been noted that recurrent selective sweeps may not generate high frequency derived alleles (Jensen et al., 2008) . It is also possible that hitchhiking with selected sites contributes to the distribution (Caicedo et al., 2007; Fay and Wu, 2003) . Future simulation studies may shed light on what demographic model fits the distribution we observe. Furthermore, approaches that explicitly test for heterogeneity across the genome in the derived SFS should allow for a powerful assessment of the role of selection in structuring the pattern of diversity.
The SFS for second position SNPs would, of course, also be affected by demographics, but we suggest that it is also influenced by a combination of constraining selection, which would increase the representation of low derived frequency sites, and positive selection, which would increase the representation of high derived frequency sites . The challenge for making inferences about the strength and distribution of selective effects on amino acid mutations in this context will be to establish a reasonable null demographic model for the data. In particular, recent analytical approaches developed to estimate the strength of selection on amino acids Boyko et al., 2008) control for simple models of population expansion or bottlenecks, but these are likely to provide an inadequate fit to the Arabidopsis data.
Although we cannot be certain about the underlying factors generating the observed SFS in Arabidopsis, what is clear from the data is that ancestral misinference is not leading to a spurious signal. Even accounting for context dependency, the Baudry and Depaulis (2003) method does not lead to a fit between observed and the neutral expectation. The improved method proposed by Hernandez et al. (2007) for correcting Figure 6 . SFS for Arabidopsis using a sample size restricted to 90 (see text) and A. lyrata as the outgroup. The three plots are all sites (A), second codon positions (B), and 4-fold degenerate sites (C). For each, we plot the observed frequency, the observed frequency that has been corrected by the Baudry and Depaulis (2003) method for ancestral misinference, and the distribution expected under a neutral model. ancestral misinference is not currently feasible for Arabidopsis due to the lack of data from related taxa, but may be possible in the future. However, given the large discrepancy between our corrected distribution and the neutral expectation, it seems unlikely that the other method would change this general result.
CONCLUSION
The analysis of nuclear SNPs from Arabidopsis reveals a number of relationships between context and inferred mutation rate. These include a relationship between overall rate and regional composition, as well as between rate and composition of bases immediately flanking the SNP. In addition to overall rate, the relative rates of transitions and transversions are related to both context measures. These context effects differ from what was observed in a similar analysis of maize nuclear SNPs (Morton et al., 2006) . As in the case of maize, though, we did observe a relationship between both regional and local composition on predicted AT E indicating variation across sites in mutation dynamics as a function of context.
The SFS for Arabidopsis is skewed toward high frequency derived sites when the ancestral state is inferred from A. lyrata. Correction of the SFS for ancestral misinference does not eliminate this skew, even when context effects on mutations are taken into consideration. Therefore, context effects do not have an influence on the SFS analysis in the Arabidopsis dataset and the high frequency of derived sites appears to be a real feature of the SFS. SNPs at both second position sites and 4-fold degenerate sites display this skew, but differ in the pattern of low frequency derived sites; second position sites show an excess of low frequency derived, whereas 4-fold degenerate sites show a deficiency at this end of the distribution. Overall, the data highlight the important effect of sequence context on patterns of polymorphism and divergence and confirm that weak purifying selection is predominant on amino acids in Arabidopsis. The results also suggest that recent attempts to model demographic history in Arabidopsis should be revisited.
MATERIALS AND METHODS
Context Effects
For the context analysis, we used the Arabidopsis (Arabidopsis thaliana) SNP alignments from Nordborg et al. (2005) as downloaded June 2006 from http://walnut.usc.edu. Coding information was taken from supplementary information available from Nordborg et al. (2005) . We utilized a total of 1,214 loci spanning a total of 664,115 sites (once sites with missing data were excluded as discussed below) with 20,368 SNPs, a frequency of 3.1%. Of these, 108,397 sites were scored as noncoding with 4,720 SNPs at these sites for a frequency of 4.4%. Rate analyses relative to context, both regional and flanking base, were performed as described previously (Morton et al., 2006) . Rate is estimated from what we call the mutation frequency. This statistic is calculated from the frequency of SNPs across all relevant sites (such as sites within a specified context as defined below) by taking the number of inferred mutations divided by the number of sites. The number of mutations is taken as a sum of the most parsimonious number of changes at all SNP sites, which is simply the number of character states observed at a site minus 1. All SNPs were scored using the coding strand where applicable; otherwise, we used the strand given in the data file. Regional context for a SNP is defined as the A + T content of the majority consensus sequence for that locus, whereas local context is defined as the majority consensus composition of the two sites immediately surrounding the SNP. This latter will be referred to either as the A/T context, which is 0, 1, or 2 flanking AT base pairs, or as the Y context, which is the number (0, 1, or 2) of pyrimidines flanking the SNP on the analyzed strand.
We excluded sites with missing data from any sample so that there was a general consistency across a locus in the number of sequences at each analyzed site. Unlike the initial analysis of this dataset (Nordborg et al., 2005) , we did not adjust for the number of sequences. Given the large number of sequences available (generally over 90 per locus) and the limited variation in the number of sequences per locus (data not shown), this correction is trivial and will not affect our context-dependency analyses because we are only concerned with patterns of variation relative to neighboring base composition.
For all SNPs, the most parsimonious number of changes was inferred (i.e. a single change for any site with two nucleotide states). As in the analysis of maize (Zea mays), SNPs were analyzed as unpolarized (i.e. no ancestral state is inferred) and polarized, in which the most frequent nucleotide at the SNP site was taken as the ancestral state. Inference of the ancestral state is problematic so we used two additional methods of polarization. First, we repeated the polarized SNP analyses on sites at which only a single line differed from all others (singletons). Because the ancestral state is predicted to be a direct function of allele frequency (Watterson and Guess, 1977) , the inference of the majority state as ancestral is expected to be most accurate at singletons. In addition to the singleton polarized analysis, we also used Arabidopsis lyrata as an outgroup to polarize SNPs in an analysis of 848 loci. Although the use of an outgroup to polarize SNPs is not without difficulties in SFS analysis (Baudry and Depaulis, 2003; Hernandez et al., 2007) , we do not expect it to bias the data in a manner that would influence our analysis of context-dependent effects because it is likely to have an unbiased effect. Overall, the results from the three methods of polarizing the SNPs were the same (data not shown), so we will present only the results from the majority rooting.
Correction for Ancestral Misinference
For this analysis, Arabidopsis sequence fragments from the Nordborg et al. (2005) dataset were aligned to A. lyrata shotgun sequence data as described in Foxe et al. (2008) . Briefly, each Arabidopsis fragment was submitted to a BLAST search against the A. lyrata genome (http://www.jgi.doe.gov) using the National Center for Biotechnology (NCBI) trace archive, and shotgun sequences were assembled into contigs and aligned with the Arabidopsis sequence. A total of 219,860 sites, all coding, and 5,154 SNPs (roughly 2% of the total number of sites), were scored. We corrected for ancestral misinference by the Baudry and Depaulis (2003) method, which was chosen instead of the Hernandez et al. (2007) approach because of a lack of large-scale genomic data from different taxa to generate the maximum likelihood framework necessary for the latter. The method utilized takes the frequency of polymorphic sites at which the outgroup sequence does not match any in-group state as an estimate of the rate of parallel change. From this frequency, a probability of misinference is generated as a function of transition and transversion rates and this probability can then be applied to each point along the SFS. A separate correction was performed for second position sites and 4-fold degenerate sites using transition and transversion frequencies for the specific partition. In addition, each of these site types was further divided by flanking base context (number of flanking A/T base pairs) and new corrections performed on each of the resulting spectra using the transition and transversion frequencies observed within that partition.
We ran two general analyses, each partitioned as described above, to account for variation in sample size across loci and sites. In the first, we limited the analysis to sites at which at least 90% of samples had a nucleotide and then applied the average sample size of utilized sites when calculating the expected distribution. In the second, we selected a sample size of 90 and then excluded all sites with less than 90 samples. For those sites with greater than 90 samples, we randomly sampled the sequences to generate a sample size of 90. These two analyses showed essentially the same results (data not shown). We also repeated both analyses, excluding those SNPs with three states in the in-group, but the results were not affected (data not shown). 
